1.. Introduction
================

The origin of optical fiber sensor technology is directly related to the development of the modern lasers achieved in the 60s. Additionally, in 1963, it was demonstrated that optical signals could be transmitted along glass with extremely low losses \[[@b1-sensors-06-01440]\]. It was thought that this new kind of sensors could replace the electronic ones, and that the optical fiber technology would make copper cable data networks obsolete, but electronic sensors had one advantage that optical fiber ones did not have -- their technology was much more established. Besides, there were other types of competing sensors, such as mechanical ones, which had shown promising new developments, even though they were based on even more mature technologies \[[@b2-sensors-06-01440]\]. Optical fiber sensors experienced a great development with the advances in telecommunication technology \[[@b3-sensors-06-01440]\], and found application niches where the advantages that optical fiber offers make them an option to be taken into account with respect to other technologies \[[@b4-sensors-06-01440]\]. Some of these advantages are electromagnetic immunity, remote sensing, multiplexation capacity, passive nature, on line monitoring, distributed sensing or low weight and size, just to mention a few. One of the fields where these properties make optical fiber sensor technology a great competitor is for the detection of Volatile Organic Compounds (VOCs).

The sensing of VOCs has many applications, and hence, there is an increasing interest focused on their detection, monitoring and analysis ([Figure 1](#f1-sensors-06-01440){ref-type="fig"}). VOCs are commonly used as ingredients in household products or in industrial processes where they normally get vaporized at room temperature and can be breathed, and unfortunately, many VOCs can cause adverse health effects \[[@b5-sensors-06-01440]\]. Other synthetic products as paints, wax or fuels can release toxic vapors when they are stored; even some foods, such as beverages, fish and meat products, emit organic vapors \[[@b6-sensors-06-01440]\]. VOCs are also present in some workplaces, especially in the chemical industries; in these cases, it is important to monitor the concentration of the vapors to safeguard the health of the workers, and also to keep atmospheric emissions under control in order to avoid environmental hazards. Finally, other non organic gases such as hydrogen or oxygen also need to be monitored because of the high risk of explosions if their concentrations surpass safe levels.

Organic vapors can be explosive above certain concentrations, while on the other hand, due to their passive nature, optical fiber sensors do not need electric power to work, which make them a good choice in environments where the inflammability risk is high, for example, when handling fuel or heating gases. The electric industry is another place where optical fiber sensors can be used due their immunity to electromagnetic interferences \[[@b7-sensors-06-01440]\]. In addition, the possibility of multiplexation of the optical fiber sensors permits coupling of the interrogating and the response signal in the same fiber, which simplifies notably the final sensor system and also makes possible the implementation of a multi-point sensor network ([Figure 2](#f2-sensors-06-01440){ref-type="fig"}). Moreover, even distributed sensors, also known as "nerve systems", can be implemented \[[@b8-sensors-06-01440]\]. These properties are all very attractive when is important to control gas concentrations in large spaces or in pollutant control applications. In fact, commercial systems exist which allow one to know the exact concentration at one specific location with a spatial resolution of centimeters using for example, optical time domain reflectometry (OTDR) \[[@b9-sensors-06-01440]\]. Optical fiber sensors can be also used in non invasive applications, from food control to the measurement of gases dissolved in liquids, or in blood \[[@b10-sensors-06-01440]\]. Another important feature is the possibility of monitoring gases on-line, which is very interesting in most of the applications mentioned above.

The detection of organic vapors using optical fiber sensors began over 25 years ago \[[@b11-sensors-06-01440]\], and great efforts have gone into to improving this technology. In this work, a general view of this field will be given. First, the main architectures employed so far are described, paying special attention to the different methods of fabrication. Some applications will be commented in the last section.

2.. Sensing Architectures
=========================

A number of different approaches have been used in the categorization of optical fiber sensors \[[@b1-sensors-06-01440], [@b12-sensors-06-01440]-[@b13-sensors-06-01440]\]. Fiber optic sensors are most commonly subdivided into intrinsic and extrinsic, depending on where the transduction between light and measurand takes place, in the fiber or outside it \[[@b14-sensors-06-01440]-[@b15-sensors-06-01440]\] ([Figure 3](#f3-sensors-06-01440){ref-type="fig"}). Within this subgroup, a more thorough division can be done depending on the sensing architecture -- transmissive or reflexive -- and more subdivisions are possible, as can be seen in \[[@b1-sensors-06-01440], [@b12-sensors-06-01440]\].

2.1. Extrinsic sensors
----------------------

In this type of sensors the fiber acts only as a data transmission line. Extrinsic sensors have successfully been used in real applications, and some working networks for monitoring organic gases based on extrinsic optical fiber sensors are actually in use \[[@b16-sensors-06-01440]\]. Within the extrinsic sensors category, two subgroups can be distinguished, depending on the chemical agent that interacts with light, either the target gas to be detected directly or using as a transducer a chemical agent through which the gas has to pass.

Extrinsic sensors in which the light interacts directly with the gas have been successfully used in real applications, and there are some theoretical studies trying to improve their features \[[@b17-sensors-06-01440]\]. An optical fiber brings the light to a micro cell, where it interacts with a sample from the surrounding environment. Both the input and the output fibers must be accurately aligned and the output signal guided into a photodetector or to a spectrometer. This provides selective gas detection by matching the input interrogating wavelength and the spectral absorption line of the specific gas. In real applications, other interfering gases will be present, which translates into background noise. Other more robust modulations than the one based on intensity are employed in these configurations \[[@b18-sensors-06-01440]-[@b19-sensors-06-01440]\].

If it is possible to tune the wavelength of the light source to optical frequencies where other volatile compounds have spectral absorption lines, then several vapors can be detected using the same setup. This sensing method is known as Wave Spectral Modulation (WSM) \[[@b20-sensors-06-01440]\], and recently different types of modulations are been developed based on this one \[[@b21-sensors-06-01440]\]. These techniques are used with gases whose spectral absorption lines range from the visible to near infrared wavelengths, where optical fiber technology works properly; out of this spectral range, optical fiber is almost opaque. Methane, for example, is a gas that can be monitored using this method because its spectral absorption line is at 1660 nm, close to the third fiber optic telecommunication window (1550 nm) ([Figure 4](#f4-sensors-06-01440){ref-type="fig"}). This is an example of a niche application where optical fiber sensors are been successfully employed. An alternative to WSM sensors are the sensors based on Fabry--Perot interferometric cavities which have been used to measure changes in the refractive index of gases \[[@b22-sensors-06-01440]\].

Finally, the change of the properties of the light can be accomplished by a chemical agent, and not directly by the organic vapor to be detected. This provides two possible configurations ([Figure 5](#f5-sensors-06-01440){ref-type="fig"}). The first is a transmission one, in which the light passes through a chemical sensing dye whose properties change in presence of the gas or vapors to be detected, modulating the light passing through \[[@b23-sensors-06-01440]-[@b24-sensors-06-01440]\]; in the second one, the light coupled into the fiber illuminates the chemical dye and couples back into a photodetector or a spectrometer \[[@b24-sensors-06-01440]\]; the sensing dye is deposited onto a mirrored surface in order to get a maximum reflected signal \[[@b25-sensors-06-01440]\].

2.2. Intrinsic sensors
----------------------

Most optical fiber sensors for organic vapors detection are intrinsic. Within this category, other sub classes can be distinguished, depending on the modulation of the optical signal guided through the fiber. In almost all intrinsic sensors, a chemical dye is required to act as an interface between the target vapors and the optical fiber, although there are some specific cases where it is not used.

### 2.2.1. Evanescent wave intrinsic sensors

This is probably the most studied and developed intrinsic sensor subfamily \[[@b26-sensors-06-01440]\]. In most of them, there is a segment of the fiber that acts as the sensing area, so there is no open path between the light source and the detector. The passive cladding of the optical fiber is replaced, using different schemes, along a small section by a sensitive material; so any change in the optical or structural characteristic of the chemical dye due to the presence of the vapors, provokes a change in the effective index of the optical fiber, changing its transmission properties \[[@b27-sensors-06-01440]\]. The sensitivity of these sensors depends on the optical power transferred into the evanescent field and also by the penetration depth of these waves into the sensing cladding, which can be calculated by Beer-Lambert law \[[@b28-sensors-06-01440]\]. Evanescent wave sensors can be explained in detail with field propagation equations, although in this case ray theory will be used just to provide a general and intuitive explanation.

If the modified cladding has a lower refractive index than the core, then the total reflection condition is met. In this case, the sensor response is governed by the intensity modulation caused by light absorption of the evanescent wave which is guided through the cladding; this interaction results in the attenuation of the guided light in the fiber core \[[@b29-sensors-06-01440]\]. On the other hand, if the modified cladding has a higher refractive index than the core, part of the optical power is refracted into the cladding, and another part is reflected back into the core \[[@b27-sensors-06-01440]\]. Both the optical power reflected in the core and the light passing through the cladding depend on the optical properties of the cladding, which change in presence of the organic vapors to be detected. The total optical power loss is characterized mainly by the light absorption of the chemical dye that replaces the cladding, the number of interactions between the core and the cladding, the diameter of the core, and the numeric aperture of the fiber, among other parameters. There is a trade-off between these parameters. A very detailed theoretical study on evanescent wave sensors can be found, for example, in \[[@b30-sensors-06-01440]\].

There are particular schemes for evanescent wave sensors in which no chemical dye is used. For example, the cladding can be manufactured to be sensitive to specific organic vapors \[[@b31-sensors-06-01440]\]; another alternative consists of tapering the fiber, yielding a more fragile but more sensitive sensor \[[@b32-sensors-06-01440]-[@b34-sensors-06-01440]\]; even an optical fiber without cladding can be used, making the organic vapors themselves act as a cladding \[[@b35-sensors-06-01440]\].

Evanescent wave sensors usually work in transmissive setups ([Figure 6](#f6-sensors-06-01440){ref-type="fig"}), in which the sensor is connected between the interrogating signal source and the detector, the sensing signal being based on the intensity modulation of the light.

Finally, there are other different practical implementations of evanescent wave sensors using standard optical fibers. These have a cladding made of silica, which is difficult to remove or modify. A possible solution is to polish the fiber, eliminating the cladding or at least a part of it \[[@b36-sensors-06-01440]-[@b38-sensors-06-01440]\], or to use a chemical attack known as etching. This last solution is probably the most employed, and consists of soaking the optical fiber in a hydrofluoric acid solution \[[@b9-sensors-06-01440], [@b27-sensors-06-01440], [@b39-sensors-06-01440]\]. Handling this acid is very dangerous, and polished fibers are fragile to handle and difficult to replicate. A possible alternative are plastic cladding fibers (PCS) \[[@b40-sensors-06-01440]-[@b43-sensors-06-01440]\]; the cladding of these fibers can be removed easily either mechanically or with non hazardous solvents such as acetone, allowing more reproducible sensors.

Once the cladding, or a part of it, is removed or modified in such a way that it is possible to reach the evanescent field, the sensing material has to be fixed onto the fiber core surface. To achieve this, one can dissolve the analyte in a chemical solution, in which the fiber is dipped several times. This technique is known as dip coating. Depending on the number of times the fiber is dipped and other parameters such as immersion speed, dye, or deposition techniques, the new claddings will have different thickness\' and surfaces. A simpler variation of this technique consists of just soaking the fiber for a certain time in the mixture where the analyte is added \[[@b19-sensors-06-01440], [@b44-sensors-06-01440]\]. The final deposition has to be mechanically resistant, and it is also desirable that its properties remain temporally invariable. Some authors dilute the sensing material in PVC \[[@b41-sensors-06-01440]\] solutions, resulting on very resistant depositions, but with high transmission losses due to the opacity of PVC towards light transmission. To overcome this problem, sol-gel solutions can be employed instead. These mixtures are made of silica, the same material as optical fiber, so then the transmission losses are minimized; the sensing material is added to the sol-gel solution while it is still in liquid phase, and then the fiber is dipped into the mixture. After drying the deposition, an optically uniform porous matrix doped with the analyte fixed onto the fiber is achieved. Recently, efforts have focused on controlling the size of the porous once the sol-gel is deposited, which can give an additional sensing mechanism based on discrimination between organic vapor molecules depending on their molecular size. Sol-gel solutions deposited with dip coating technique are a typical combination used in recent years to implement evanescent wave sensors \[[@b9-sensors-06-01440], [@b31-sensors-06-01440], [@b45-sensors-06-01440]-[@b51-sensors-06-01440]\].

Other deposition procedures are available, although they work better with other substrates and geometries; this is the case of Langmuir-Blodgett technique, which is based on the deposition of layers with hydrophobic and hydrophilic behavior, yielding a homogeneous structure formed by bilayers \[[@b52-sensors-06-01440]-[@b53-sensors-06-01440]\]. Special equipment is required to accomplish this deposition technique, in which the bilayer to deposited onto the sensor is spread onto ultrapure water, forming a nanometric surface; when the substrate, in this case the optical fiber, is introduced in the solution, a new layer get deposited onto the surface \[[@b54-sensors-06-01440]\] ([Figure 7](#f7-sensors-06-01440){ref-type="fig"}).

After the deposition process, the sensor can be subjected to a curing process in order to enhance the properties of the sensing deposition, or to force the vaporization of solvents that could interfere with the response of the sensor. The curing process usually consists of heating the sensor to a certain temperature for a short time; sometimes it is accomplished under inert atmospheres or even under vacuum. The temperature is an important factor, especially when the sensing material might suffer thermal degradation; in these cases, the curing process should be done at room temperature. There are many possible implementations of evanescent wave sensors. Some of them will be discussed next.

#### 2.2.1.1. Bended evanescent wave sensors

The optical power transferred into the evanescent field is usually weak, and hence the penetration depth in the sensing area is low. This translates into a limitation of the sensitivity of the sensor. To improve the sensitivity, the fiber can be bent in order to couple more optical power in the evanescent field ([Figure 8](#f8-sensors-06-01440){ref-type="fig"}). The increment in the optical power coupled to the evanescent wave depends mainly on the bend radius, as has been demonstrated empirically \[[@b55-sensors-06-01440]-[@b56-sensors-06-01440]\]. There are practical examples involving bending the fiber into a U-Shape probe \[[@b26-sensors-06-01440], [@b57-sensors-06-01440]-[@b58-sensors-06-01440]\]. The fibers employed in these cases have core diameters of up to 1 mm just to avoid fiber crushing. The bending process is usually done by heating the fiber using a flame. After this, the chemical dye is mixed onto the fiber using any of the deposition techniques mentioned above.

It is also possible to coil a few meters of an optical fiber with modified cladding \[[@b44-sensors-06-01440], [@b59-sensors-06-01440]\]. This configuration is useful in applications where distributed sensing is needed.

#### 2.2.1.2. Evanescent wave sensors based on special fibers

Another possibility for increasing the amount of optical power coupled in the evanescent field, is by using new types of fibers that appeared a few years ago. Among then, one can mention hollow core fibers. The simpler type of hollow core fibers, consist basically of tubular fibers where the optical signal is guided mainly by the cladding, and hence, it is easy to reach the evanescent fields \[[@b60-sensors-06-01440]\]. If a hollow core fiber is connected between two silica core ones, the optical power is coupled from the core to the cladding in the first transition, and then, from the cladding to the core in the second transition \[[@b61-sensors-06-01440]\] ([Figure 9](#f9-sensors-06-01440){ref-type="fig"}). Although this approach may seem to be innovative, an optical fiber sensor for ammonia vapors based on this idea was implemented almost 25 years ago \[[@b11-sensors-06-01440]\].

Holey fibers (HFs), also known as microstructure fibers (MFs) or photonic crystal fibers (PCFs), are a new type of fibers in which air holes are incorporated within the silica cladding region; these cavities enhance the interaction between the evanescent field and the gas to be analyzed. Parameters such as the size and placement of the air holes provide an extra degree of freedom in controlling light propagation and also the way the optical evanescent signal is affected by the gas \[[@b62-sensors-06-01440]\]. This kind of microstructure fibers have been employed to measure the diffusion constant of acetylene vapors \[[@b63-sensors-06-01440]\], and to detect the presence of CO and CO~2~ \[[@b64-sensors-06-01440]\], just to mention a couple of examples.

There are also hybrid solutions which combine Hollow Core and Holey fibers. In any case, the use of these fibers in future applications is very promising \[[@b65-sensors-06-01440]-[@b66-sensors-06-01440]\].

#### 2.2.1.3. Bragg grating intrinsic sensors

Optical sensors for detection of gases can also be implemented taking advantage of well known fiber Bragg gratings (FBGs). In a few words, Bragg gratings are optical filters which allow the transmission of some wavelengths and reflect others; this is achieved by introducing a variation in the refractive index of the core of the fiber periodically along a certain length. The change in refractive index is repeated with a spatial pitch of nanometers, and determines the wavelength that will be reflected back: $$\lambda_{B} = 2 \cdot n_{\textit{eff}} \cdot \Lambda$$where λ ~B~ is the wavelength filtered, n~eff~ is the effective refractive which light travels through the optical device, and Λ is the grating pitch (shorter than lower than the working wavelength). More detailed information about these devices can be found in \[[@b67-sensors-06-01440]\]. In the field of gas detection, the sensing transduction consists of producing a detectable alteration of the filtering characteristics of the device. The presence of a certain gas can induce a change in the length or the pitch of the grating \[[@b68-sensors-06-01440]\].

One of the main disadvantages of using FBG based sensors is that these devices are normally focused on telecommunications networks and for detecting gases, and are not very sensitive. Anyway, there is other type of Bragg gratings in which the pitch of the refractive variation is much longer, around hundreds of micrometers. These devices are known as long period gratings (LPG) \[[@b69-sensors-06-01440]\]. A LPG is also a wavelength filter, but in this case the filtered wavelengths are not propagated back but rather coupled in evanescent fields through the cladding \[[@b70-sensors-06-01440]\]: $$\lambda_{B} = (n_{co} - n_{cl}^{m}) \cdot \Lambda$$where λ~B~ is the wavelength peak that is coupled into the cladding modes, n~co~ is the refractive index of the core, and $n_{cl}^{m}$ is the effective refractive index of the m^th^ cladding order mode in which the guided light is coupled ([Figure 10](#f10-sensors-06-01440){ref-type="fig"}).

Different vapors and concentrations will produce different change in the spectral response of the LPG based sensors by either modifying the effective index of the cladding or the grating pitch of the core \[[@b71-sensors-06-01440]-[@b72-sensors-06-01440]\] ([Figure 11](#f11-sensors-06-01440){ref-type="fig"}).

### 2.2.2. Active fiber core intrinsic sensors

As the majority of the optical power is guided through the core of the fiber, a possible alternative is use the core itself as the transducer between the organic vapors and the light that travels through it ([Figure 12](#f12-sensors-06-01440){ref-type="fig"}). As mentioned previously, when a sol gel gets dried, its refractive index is similar to that of the fiber, so a segment of optical fiber can be synthesized, and doped with the sensing material which interacts with the gas to detect or monitorized \[[@b73-sensors-06-01440]\]. The main drawback of these sensors is the effect of sol gel aging, which is in this case more critical than in evanescent wave sensors.

### 2.2.3. Reflection intrinsic sensors

These sensors usually consist of an end-cut optical pigtail, onto which a chemical dye is deposited. This architecture can be interpreted as a particular case of an active core sensor with one extreme not fused with other optical fiber section. As can be seen in [Figure 13](#f13-sensors-06-01440){ref-type="fig"}, the light is coupled from the source and is guided until the sensor head, where the light interacts with the sensing deposition ([Figure 14](#f14-sensors-06-01440){ref-type="fig"}); some transduction process can take place, but the fact is that in all of them, the signal reflected from the chemical deposition is guided back into the optical detector. To achieve this, an optical splitter is necessary to drive the response signal to the detection system. The sensor head employed in this configuration can be used in the same way as chemical electrodes, and so, reflection optical sensors are also named optrodes \[[@b74-sensors-06-01440]-[@b75-sensors-06-01440]\], although such optrodes are used mainly to measure concentrations of chemical species.

If an optical property of the sensing dye, such as the refractive index, changes, then a variation in the reflected signal will be registered \[[@b76-sensors-06-01440]\]. The transduction takes place in the light that travels through the core of the fiber, and not in the evanescent field, so the sensing area used is limited to the core surface of the fiber.

A sensitive material has to be fixed onto the end of the optical fiber. As in the case of evanescent wave sensors, one solution commonly used is the dip coating technique of the optical fiber into a sol- gel solution previously doped with the sensing material \[[@b51-sensors-06-01440], [@b53-sensors-06-01440], [@b77-sensors-06-01440]-[@b80-sensors-06-01440]\].

Plastic matrixes can be also used to fix the sensing material, but they can introduce important optical losses. The main drawback of this solution is the reproducibility, because the dip coating technique generates uniform dyes in a longitudinal way, as in the case of evanescent wave sensors, but in reflective sensors the surface is considerably smaller. Furthermore, the optical fiber is introduced vertically into the sol-gel solution. In many cases, this is traduced in a dye with a non uniform surface, which makes more difficult the interaction between the vapors to detect and the sensing dye ([Figure 15](#f15-sensors-06-01440){ref-type="fig"}). Anyway, practical implementations using for example as Langmuir-Blodgett have been successfully demonstrated \[[@b53-sensors-06-01440]\].

Similar to the Langmuir-Blodgett technique, other techniques exist which permit deposition of layers on a nanometer scale onto a cut-ended fiber, yielding a homogeneous and uniform final structure, such as for example, the Electrostatic Self-Assembly method \[[@b81-sensors-06-01440]\]. This technique is based on the building up of a nanometric structure by opposite charged polymers chains, assembled by electrostatic attraction. The fiber tip is immersed alternately into polycationic and polyanionic solutions. Each time this procedure is carried out an optically homogenous bilayer is deposited ([Figure 16](#f16-sensors-06-01440){ref-type="fig"}). As the final deposition consists of *n* bilayers of homogeneous refractive index, it can be considered as a nanofilm, that is, a nanocavity, instead of a grating. The gas sensing material has to be added into one or both of the polymeric solutions. The size of each monolayer can be controlled by chemical parameters such as pH, concentration, etc. \[[@b82-sensors-06-01440]\].

When used on optical fiber tips, Fabry-Perot nanocavities with lengths below a micrometer can be built up ([Figure 17](#f17-sensors-06-01440){ref-type="fig"}). These types of interferometric nanocavities have been already used as sensing mechanisms in some optical fiber sensors, changing for example their length or refractive index as a function of the target gas \[[@b83-sensors-06-01440]-[@b84-sensors-06-01440]\].

Optical fiber gas sensor based on gratings can also be implemented with the ESA method. Employing a reflection set up, a grating can be constructed onto the cut end of the fiber \[[@b72-sensors-06-01440]\]. The ESA method can be combined with several sensing materials \[[@b85-sensors-06-01440]-[@b86-sensors-06-01440]\] sensitive to different gases; The initial requirement for the sensing complexes is that they have to be polar in order be assembled with the charged chains of the polymeric solution where they are added; recently, there has been work trying to overcome this obstacle, and apolar materials have been successfully deposited with the ESA method \[[@b83-sensors-06-01440]-[@b84-sensors-06-01440]\].

### 2.2.4. Hybrid intrinsic sensors

This configuration results from the combination of the ones described before. One possibility consists of an evanescent wave sensor incorporated into a reflection set up: this can be accomplished by modifying the cladding of an optical mirror-ended pigtail ([Figure 18](#f18-sensors-06-01440){ref-type="fig"}). This configuration guarantees that the optical power is modulated twice, first when the light passes through the sensing area to the mirrored end, and secondly, when the signal travels back from the mirror at the end of the fiber to the detector, passing again through the modified cladding region \[[@b87-sensors-06-01440]\]. It is also possible to use a bent evanescent wave mirror-ended sensor.

Another option for hybrid sensors is the combination of an active core fiber with a reflection scheme; as in both cases the modulated light is the one that travels through the fiber, the effect of the active core region is duplicated and that of the deposition onto the cut-end fiber is added to it.

A hybrid sensor can also combine a sensing signal and an architecture not typically used with it. For example, there are some experimental transmissive configurations using the fluorescence produced by a chemical dye replacing the cladding \[[@b42-sensors-06-01440]\].

### 2.2.5. Fluorescence sensors

This kind of intrinsic sensors can be used either in reflection and transmission schemes, although the most employed is the first one, and its detection principle is different from others such as absorption, transmittance, reflection, etc. described above when explaining the different sensing architectures. These sensors are based on the spontaneous light emission of a fluorophore when it is excited with light at a wavelength (excitation wavelength) located in the absorption spectral region of such fluorophore. The difference in wavelength between both emission (usually higher wavelength) and excitation wavelengths (lower wavelength, thus higher photon energy) is called Stokes shift. In this way, different schemes have been proposed. Among them the most popular are fluorescence intensity sensors, fluorescence lifetime sensors and fluorescence phase-modulation sensors \[[@b88-sensors-06-01440]\]. If the sensing dye interacts with the vapors to be detected, a change in the emission of the dye will be used as the sensing response. The reflection configuration is more suitable in this case because the emission from the dye is coupled to the fiber as if the deposition was a light source \[[@b75-sensors-06-01440], [@b89-sensors-06-01440]-[@b90-sensors-06-01440]\]. Looking ahead to maximize the emitted light coupled to the fiber, some special terminations are built onto the cut-end pigtails, usually tapers \[[@b46-sensors-06-01440], [@b91-sensors-06-01440]\] ([Figure 19](#f19-sensors-06-01440){ref-type="fig"}). Fluorescence sensors are widely used to detect oxygen, whose presence produces a continuous reversible decreasing change in the fluorescence emission known as quenching \[[@b92-sensors-06-01440]\]. Alternatives to intensity modulation, for example phase modulation, are frequently employed in fluorescence sensors in order to avoid the jittering in the fluorescence and also changes in fluorescence produced by movements of the own fiber \[[@b46-sensors-06-01440]\].

3.. More relevant applications and future challenges
====================================================

There is a wide range of applications where optical fiber sensors can be used. The different sensor configurations mentioned above need to meet some common specifications to be commercialized \[[@b93-sensors-06-01440]\] ([Figure 20](#f20-sensors-06-01440){ref-type="fig"}).

When thinking about more specific requirements in gas sensing, an important requirement is the capability of the sensor to discriminate a specific gas among others, which is known as selectivity. The selectivity of extrinsic optical fiber sensors is mainly governed by the light source wavelength, as described before (WSM); in case of intrinsic sensors, the sensing material together with the chemical and physical properties of the matrix, will determinate the selectivity of the sensor.

Another important parameter is response time ([Figure 21](#f21-sensors-06-01440){ref-type="fig"}). It depends mainly on the sensing chemical dye, primarily in terms of its thickness and physical structure. The organic vapors to detect have to get diffused into the sensitive film. Because of that it is convenient to get a thin and uniform film. Another important parameter is the recovery time. In online monitoring applications, the response and recovery time should be as low as possible, meanwhile in other typical applications, like for example in the determination of the maturing process of fruit, this is not so critical \[[@b94-sensors-06-01440]\].

Sensors with high selectivity are normally used in applications where is necessary to monitor the concentration of a certain gas or organic vapor accurately and in real time ([Figure 22](#f22-sensors-06-01440){ref-type="fig"}). This is very important in areas with highly explosive gases such as methane \[[@b20-sensors-06-01440]\] or hydrogen \[[@b43-sensors-06-01440]\], and in case of toxic gases such as NO~2~ \[[@b77-sensors-06-01440]\], chloroform vapors \[[@b76-sensors-06-01440]\] or dichloromethane ones \[[@b72-sensors-06-01440]\]. In these cases, special modulation techniques are used to enhance the selectivity of the sensors and hence avoid the effect of other gases. The monitoring of a wide area is frequently suitable in these applications, so these sensors are usually implemented into a network \[[@b28-sensors-06-01440]\], taking advantage of the multiplexation capability that optical fiber offers. When implementing this kind of networks, evanescent wave sensors and extrinsic sensors based on WSM are usually used, performing a multi-point sensing network. There are also examples in which the gas detection is made in a distributed way, with an important spatial resolution \[[@b9-sensors-06-01440]\].

On the other hand, there are sensors with low selectivity, that is, they respond to some vapors, but in different ways. This feature is used in applications where gas mixtures have to be analyzed. For example, many foods or beverages emit several organic vapors during their maturing or fermentation process; these emissions can be analyzed in order to check whether or not the process is been accomplished properly. The idea behind sensor arrays is to mimic the olfactory system present in most animals: this is composed by hundreds of detectors with overlapped selectivities to different gasses, whose whole response results in a unique patron or fingerprint for each gas mixture ([Figure 23](#f23-sensors-06-01440){ref-type="fig"}). Thus, in applications where a complex analysis is required, or in case that a given organic vapor mixture has to be identified, an association of non selective optical fiber sensors can be used, which is commonly known as a sensor array. In these systems, the response of the sensors is mathematically treated in order to identify a given sample, for example, employing Principal Components Analysis (PCA) \[[@b95-sensors-06-01440]-[@b97-sensors-06-01440]\] analysis; other possibility is to use Artificial Neural Networks (ANN) \[[@b98-sensors-06-01440]-[@b99-sensors-06-01440]\], which are able to identify samples after a learning process. This last approach is used in systems such as electronic noses \[[@b94-sensors-06-01440], [@b100-sensors-06-01440]-[@b101-sensors-06-01440]\]. In the case of wine, a sensor sensitive to alcohols and acetic acid could help to determine whether or not the product is fermenting in the right way \[[@b80-sensors-06-01440], [@b83-sensors-06-01440]\]. The sensing architecture most employed in sensor arrays is the reflexive one, as in the case of animal noses. Currently, important efforts are focused on the development of optoelectronic noses as an alternative to the artificial noses based on electronic sensors.

Another approach based on sensor arrays that appeared around 10 years ago, are the optical imaging fibers \[[@b102-sensors-06-01440]\]. These sensors are used in a reflection mode, placing hundreds of little sensing beads onto the cut ended optical fiber; around four different kinds of beads are used, each type having a different selectivity and response to the same organic vapors, and then, dozens of copies of the each kind of bead are placed randomly onto the sensor head, forming a color image that is captured by a CCD camera ([figure 24](#f24-sensors-06-01440){ref-type="fig"}). In presence of organic vapors mixtures, the image recorded changes, and using these data as input of an artificial neural network, devices as artificial noses can be implemented \[[@b28-sensors-06-01440], [@b103-sensors-06-01440]\].

4.. Conclusions
===============

An overview of optical fiber sensor technology in the field of volatile organic vapors and gases has been presented. The main sensing mechanisms and architectures have been described paying attention to the different methods of fabrication. In addition, some examples of real applications have been described. Optical fiber sensor technology is still focused on niche markets and the detection of volatile organic compounds could be one application of high interest in environments where the classic electronics sensors cannot operate.

This work was supported by Spanish Ministerio de Ciencia y Tecnología and FEDER Research Grants CICYT-TIC 2003-000909 and CICYT-TEC 2004-05936-C02-01/MIC.

![Principal fields where VOC sensors have many applications, and species usually measured.](sensors-06-01440f1){#f1-sensors-06-01440}

![Examples of optical fiber sensor networks: (a) line, (b) star, (c) ladder, (d) tree.](sensors-06-01440f2){#f2-sensors-06-01440}

![Differences between extrinsic and intrinsic configurations.](sensors-06-01440f3){#f3-sensors-06-01440}

![(A) Extrinsic optical fiber sensor; (B) One of the absorption spectral lines of methane is located at a optical fiber low transmission losses wavelength range (third telecommunication window).](sensors-06-01440f4){#f4-sensors-06-01440}

![Extrinsic sensors where Light interacts with a chemical dye: in (A), the optical signal passes through the dye, while in (B) the reflected light from the plate is coupled back into the fiber.](sensors-06-01440f5){#f5-sensors-06-01440}

![Transmission set up with a tapered optical fiber based evanescent wave sensor.](sensors-06-01440f6){#f6-sensors-06-01440}

![Main construction steps of Langmuir Blodgett deposition technique. This process is very useful when fixing layers onto uniform surfaces.](sensors-06-01440f7){#f7-sensors-06-01440}

![U - Shaped evanescent wave sensor probe.](sensors-06-01440f8){#f8-sensors-06-01440}

![Hollow core fiber with microstructurated cladding, connected between two standard multimode optical fiber sections. A sensitive material can be also fixed onto the cladding.](sensors-06-01440f9){#f9-sensors-06-01440}

![Schematic working principles of (a) FBGs and (b) LPG. As in LPG light is coupled into the cladding, this device is suitable for evanescent wave sensors.](sensors-06-01440f10){#f10-sensors-06-01440}

![Dichloromethane fiber optic sensor based on a micrograting located at the end of the fiber. Spectral response of the sensor to different concentrations of dichloromethane in (a) purged air; (b) 7.18 mmol/L and (c) 19.44 mmol/L (saturated atmosphere). Notice that there is no variation at 1520 nm and this wavelength can be used as a reference signal \[[@b72-sensors-06-01440]\].](sensors-06-01440f11){#f11-sensors-06-01440}

![Active core optical fiber sensor.](sensors-06-01440f12){#f12-sensors-06-01440}

![Reflection experimental set up.](sensors-06-01440f13){#f13-sensors-06-01440}

![Example of a sensing material: (a) the complex suffers a reversible change in its structure in presence of ethanol vapors, (b) this can be measured in terms of color change registering the absorbance spectra when illuminating it with a white light source, (c) and CIELab, L, a, b, parameters of the color of the reflected signal can be also used to probe the optical change.](sensors-06-01440f14){#f14-sensors-06-01440}

![Optical fiber tips dip coated in sol-gel. The deposition is uniform through the cladding but irregular on the cut-ended extreme.](sensors-06-01440f15){#f15-sensors-06-01440}

![ESA method schematic construction process.](sensors-06-01440f16){#f16-sensors-06-01440}

![Interferometric sensor developed with ESA method. The vapors to detect get trapped onto the surface of the nano cavity, modifying its length and hence the interferometric response.](sensors-06-01440f17){#f17-sensors-06-01440}

![This configuration, compared to the classic transmission one, enhances the sensing performance of the sensors because the incident light passes twice through the sensing zone due to the mirrored end. Also, the size of the sensor head is reduced \[[@b87-sensors-06-01440]\].](sensors-06-01440f18){#f18-sensors-06-01440}

![(A) Reflection fluorescence sensor based on a tapered end fiber. (B) Spectral response from a sensor based on fluorescence. The reflected optical power of the excitation light and the fluorescent signal emitted by the sensing material are monitored by a spectrometer. It is desirable that the fluorescence wavelength is located as far as possible from the excitation one - this would be high Stokes shift.](sensors-06-01440f19){#f19-sensors-06-01440}

![Alcohol vapors sensor exposed to cycles of varying relative humidity at different temperatures. The response of the device shows little variation, which is usually suitable.](sensors-06-01440f20){#f20-sensors-06-01440}

![Response of two ethanol sensors. Sensor (a) shows a higher dynamic range, sensor (b) has lower dynamic range, but their response time is less than one minute.](sensors-06-01440f21){#f21-sensors-06-01440}

![Spectral response of an ammonia sensor based on nanostructurated Zirconia films \[[@b85-sensors-06-01440]\]. A negligible variation of the reflected optical power is registered in the presence of other VOCs.](sensors-06-01440f22){#f22-sensors-06-01440}

![Characterization of a non selective sensor in terms of: (a) absorbance spectra when exposed to different organic vapors; (b) reflected optical power variation with different methanol concentrations; (c) calibration curves for some VOCs based on (b) measurements.](sensors-06-01440f23){#f23-sensors-06-01440}

![Scheme of an image array sensor.](sensors-06-01440f24){#f24-sensors-06-01440}
